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Abstract
The purpose of this design project was to determine if it is plausible to design an acoustic
top plate assembly made of a non-traditional material which is equivalent in sound quality to that
of a standard wooden guitar. Since wood must be crafted by skilled luthiers, the overall cost of
producing the completed product is fairly high. To reduce the cost of a finished acoustic guitar,
we proposed to alter the material to that of one that is easier to manufacture, such as plastics and
composites.
Based on our research, our team chose to test both ABS plastic and carbon fiber. In order
to test the top plate materials, a test fixture was developed in order to consistently secure the top
plate and accurately excite the plate at specific frequencies. To analyze modal shapes of the two
materials, we conducted the Chladni Test, which consisted of speakers mounted under the plate
producing a range of frequencies. Based on the results of the vibration testing, it was determined
that the ABS plate provided inconsistent mode frequencies, so carbon fiber was selected as the
best candidate.
We adjusted the thickness as well as the bracing on the underside of the faceplate of the
two materials due to their different specific stiffnesses. Based on the results of the Chladni test,
bracing was placed in locations where maximum deformation of the guitar plate occurred, while
also minimizing the amount of bracing. Bracing was chosen for carbon fiber as an X-brace with
a top cross support and a flat bridge support, which also provided enough support to hold the
tension of the strings.
Our team bought a kit with a prebuilt guitar body for assembly. The existing wooden top
plate was removed from the guitar kit body, and our newly chosen top plate material, carbon
fiber, was installed. Once the guitar was assembled, it was compared against a high-end quality
guitar that retailed for $2400. Sound is generally a matter of preference, but we tested qualities
such as sustain to provide concrete comparable data. Through this sound quality comparison test,
we found that the carbon fiber guitar was very similar to the quality of the higher end wood
guitar with some of its tonal qualities even exceeding the reference.
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Chapter 1: Introduction
1.1 Purpose
The purpose of this design project is to analyze the modes of vibration of a standard sixstring acoustic guitar and to determine if it is plausible to design an acoustic top plate assembly
made of a non-traditional material which is equivalent in sound quality to that of a standard
wooden guitar.
1.2 Background
In general, acoustic guitars have been crafted by skilled wood-workers known as
“luthiers”. Their techniques are time consuming, expensive, extremely intricate in nature and
take years to perfect but for the most part, the finished product relies solely on the luthier’s
opinion and feel as far as quality is concerned. So, the feel and tone of the instrument are
subjective but, nonetheless, there remain certain standards throughout the industry when it comes
to honing in on these qualities; which would likely include maximization of the vibrational
output to achieve a full-bodied sound. In theory, it should be plausible to match the tonal profile
of a wooden guitar with a material other than wood.
1.3 Scope
Our project will involve research required to specify a top plate material that will hold
traits comparable to that of a tone wood; for example, mass to stiffness ratio. Once a material is
chosen, the guitar top plate style will be chosen (i.e. Dreadnaught) and then modeled in a
Computer-aided Design (CAD) software so that we are able to analyze the effects of modal
frequencies with Finite Element Analysis (FEA) to determine the proper back bracing, if
required, for the chosen material. The goal will be to implement modern advancements in
materials and manufacturing processes to mock the tonal profile of a wooden acoustic guitar for
a significantly less cost.
The following tasks and time-table were set forth at the beginning of the project to ensure
the project is completed efficiently:
Task 1

Research guitar design, guitar acoustics and sound physics. Learn FEA in order to
analyze future designs. (25 hours)

Task 2

Research material properties in order to determine potential materials. (20 hours)

Task 3

Design/Model guitar top plate. (20 hours)

Task 4

Perform FEA analysis on designed top plate. (15 hours)

Task 5
Task 6

Design and build test fixtures to perform vibrational analysis. (10 hours)
Perform Chladni Test on designed top plate. Compare results to FEA analysis. (50
hours)
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Task 7

Design guitar top plate bracing according to results. (25 hours)

Task 8

Manufacture the modified top plate with bracing and assemble with guitar. (150
hours)

Task 9

Analyze and compare tonal qualities of the designed guitar to a reference guitar. (20
hours)

Task 10 Create an in-depth report explaining the project and the results (25 hours)
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Chapter 2: Conceptual Design
2.1 Research
Our team began by doing background research of the physics associated with guitar
vibrations as well as material research. In order to understand why a guitar faceplate oscillates, it
is important to understand the phenomenon known as Helmholtz resonance. A Helmholtz
resonator, or oscillator, is a solid body containing a gas with an open hole. As with an empty
bottle, when one blows air over the top, the air inside the bottle is compressed, and thus, pressure
increases while volume decreases. However, since the container is open, the volume of the air
inside the bottle tends to increase back to its original state and a small “lump” of air is forced
back to of the bottle a little way past the top of the bottle, as a result of the internal pressure of
the body. This rarefies the air inside the bottle, causing the lump of air to be sucked back in. This
back and forth movement of air can be compared to the oscillation of a spring when excited by
an external force. In the case of an acoustic guitar, the body can swell due to the increase in
pressure inside the body, where a glass bottle does not, which means an acoustic guitar body
demonstrates Helmholtz-like behavior but is not considered a true Helmholtz resonator.
Another slight difference in the physics of an acoustic guitar, when compared to a classic
Helmholtz resonator, is the string. When a string is plucked, it vibrates, and as a result, the
surrounding air vibrates to the same frequency. This generates a pressure wave. Due to the
alternation of compression (high pressure) and rarefaction (low pressure) of the pressure wave
when the string is plucked, a sound wave is produced. As the sound waves bounce off the inside
walls of the guitar and project out of the sound hole to the open air, the sound is amplified. The
particular sound quality that is produced is a reflection of how the guitar body expands due to the
medium off which the sound bounces. The output quality of sound is determined based on the
deflection of the guitar body due to the incoming sound wave of the plucked string. At different
frequencies, different deflection patterns, known as modal shapes, occur. Thus, when a particular
string is struck at a particular fret, a unique frequency of the sound wave is generated, creating a
certain mode shape. The modal vibrations of an acoustic guitar are affected by the frequency of
the string, the volume and shape of the guitar body, the gas inside the body, and the material,
thickness, and bracing of the body itself. In our experiment of modal vibrations, we will only be
altering the material type, thickness and bracing pattern.
During the beginning of our research, our team traveled to guitar shops to consult
professionals on the material selection for our face plate, in addition to extensive online research.
We also went to Guitar Center to test the range of sound quality amongst different brands and
styles of acoustic guitars. A few carbon fiber guitars were played to compare the sustain, attack
behavior, and overall loudness to that of traditional wooden guitars.
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2.2 Preliminary Design
Wood has always been a popular choice for the body of a guitar because of its high
stiffness to weight ratio, or specific stiffness. A high specific stiffness means the body of the
guitar can sustain the tension of the strings with a relatively lower weight of the material. Thus,
less material is necessary, which reduces cost. However, since wood must be crafted by skilled
luthiers, the overall cost of producing the completed product is fairly high. To reduce the cost of
a finished acoustic guitar, we proposed to alter the material to that of one that is easier to
manufacture, such as plastics and carbon fibers. The following table depicts some of the
proposed materials for the top plate of our guitar:
Table 2.21: Considered Top Plate Materials

With a different material, there is a different specific stiffness, and so we must adjust the
thickness of the material as well as the bracing on the underside of the faceplate of the guitar.
The bracing of the faceplate is determined by the amount of support that is needed to hold the
tension of the strings as well as the manipulation of the modal shapes due to vibration. A
weighted design matrix was developed in order to narrow down the choices of materials (Table
2.22). It was determined that the E-glass would not be tested due to the fact that it was very
similar to carbon fiber in terms of material composition but did not have as high specific strength
and yield strength as carbon fiber.
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Table 2.22: Weighted Decision Matrix

Based on the results of the weighted decision matrix, our team has determined to test both
ABS plastic and carbon fiber. Exact materials and manufacturers of materials to be determined.

2.3 Concept Sketches

Figure 2.31: Sketch of proposed test fixture design (actual fixture seen in Figure 5.13)
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Figure 2.32: Sketch of alternative test fixture design (actual fixture seen in Figure 5.14)
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Chapter 3: Embodiment Design
3.1 Numerical Calculations
Composite materials are difficult to model due to their extensive variation. Because of
this, it is difficult to generate precise results in a Finite Element Analysis environment. For
instance, carbon fiber includes a mixture of several parts that make up the composite. This is
done by taking a fiber, mixing it with a matrix (i.e. resin) and allowing these materials to bond to
each other using different cure methods. The variation in laying carbon fiber is derived from
several sources. The fiber is typically directionally strong and can be staggered in order to
compensate for this quality. One must also account for the volume fractions of each component
in the mixture. This can be done using the following rule of mixtures. These equations are widely
used in the composites industry and are proportional models of a final composite. In the
equations that follow the subscripts, , and stand for composite, fiber and matrix in that order
where is Young’s Modulus, is tensile strength of the material, is Poisson’s ratio and is density.
These numbers are multiplied by their corresponding volume fractions to complete the model.

Using the data sheets for both the resin and fiber properties found in the appendix, we can
calculate the following composite results.
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It is important to note that these values are merely approximations and not exact. Some
other variations that can occur within a composite includes void space. Voids in materials can
create countless issues over the life of a composite and are extremely difficult to account for.
Due to all of these discussed variations, an FEA model by itself is not enough to guarantee
accurate results. Therefore, we performed the Chladni pattern test to double check our modeled
results.

3.2 Finite Element Analysis
The Finite Element Analysis for each material was done in Ansys Workbench. The geometry
was first imported from Solidworks and then setup in a Modal Analysis program within the
workbench. The following figure shows each submodel of the material chosen.

Figure 3.21: Modal submodels for each material and components required to run program
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Once each of the submodels were placed into the work space, the geometry was linked
and the material properties were added into the engineering data category as shown below.

Figure 3.22: Material input for the twill carbon fiber (calculated in chapter 3.1)
After the materials were added to the program, a mesh was set up on the model of the
soundboard. The idea of a mesh is to break down a model into smaller geometry so that each
section can be analyzed separately to then create a larger, more accurate representation of the
actual model. We used a fine mesh with 10,000 nodes as this is the maximum limit for the
student version of Ansys.

Figure 3.23: Geometry mesh of the soundboard

In completing the mesh of the geometry we are able to move onto mocking up the
soundboard as if it were actually mounted to the sides of the guitar body. We did this by fixing
all of the edges of the model, as shown below. This allows Ansys to perform a modal frequency
analysis on a body that closely mocks a real, fully-built guitar.
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Figure 3.24: Shows fixed supports for the edges of the soundboard

After the fixed supports were added to the model, we ran the modal analysis in Ansys and
outputted a total of 14 mode shapes for each material. These results can be seen in Chapter 5 of
this report.
3.3 Layout Drawings

Figure 3.31: CAD Model of test fixture design
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Chapter 4: Detail Design
4.1 Part Drawings

Figure 4.11: Drawing of different soundboard options with basic dimensions

Figure 4.12: Drawing of saddle design to be 3-D printed
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4.2 Assembly Drawings

Figure 4.21: Assembly Model of Bracing Pattern

Figure 4.22: Assembly of Full Body
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4.3 Bill of Materials
Table 4.31: Materials cost for project (does not include tools required)
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Chapter 5: Testing and Assembly
5.1 Test Method
Top plate material choices were cut to size before testing (Figure 5.11 and Figure 5.12).
In order to test the top plate materials, a test fixture was developed in order to consistently secure
the top plate and accurately excite the plate at specific frequencies. The type of test used in this
project is referred to as a Chladni test. This test consists of using speakers mounted underneath
the top plate. These speakers, through the use of a frequency generator and amplifier, produce
specific frequencies that create a vibration of the top plate. These frequencies are similar to the
ones found through the FEA simulation. Using a medium spread across the surface of the top
plate, in this case salt, the frequency mode patterns can be visualized. The frequency is produced
until the salt medium settles and a clear pattern is seen. These patterns are then compared to the
FEA simulation results in order to determine the appropriate material.

Figure 5.11: Top plate pattern sketched on sheet of carbon fiber
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Figure 5.12: Cutting the top plate out of the sheet of carbon fiber

Our team first developed the first version of our test fixture (Figure 5.13). The fixture
was designed, built, and tested. It was found that due to the thickness of the top clamping
plywood the wooden clamping surface vibrated with the top plate. This led to inaccurate results
throughout the testing. With this critical fault discovered, our team worked to develop an
alternative test fixture design. This new fixture used an alternative clamping method to secure
the top plate. This new design (Figure 5.14), better secured the top plate and provided more
accurate and correct results.
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Figure 5.13: First Chladni Test Fixture

Figure 5.14: Final Chladni Test Fixture
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Figure 5.15: Test Setup consisting of fixture, amplifier, frequency generator, and camera to
document modal patterns
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5.2 Test Results
The results of the test produced frequency mode patterns similar to the patterns found
through the FEA simulation. Table 5.21 and Table 5.22 show the results and direct comparisons
between the FEA simulations and the Chladni test results for the variety of modes tested.
Table 5.21: ABS FEA simulation compared to Chladni test results
Modal Frequencies
FEA Simulation Results
Chladni Test Results

Mode 1
FEA: 60 Hz
Test Results: 40 Hz

Mode 2
FEA: 102 Hz
Test Results: 60 Hz
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Mode 3
FEA: 131 Hz
Test Results: 80 Hz

Mode 4
FEA: 147 Hz
Test Results: 105 Hz

Mode 5
FEA: 203 Hz
Test Results: 150 Hz
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Mode 6
FEA: 230 Hz
Test Results: 180 Hz

Mode 7
FEA: 293 Hz
Test Results: 240 Hz

Mode 8
FEA: 323 Hz
Test Results: 355 Hz
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Table 5.22: Carbon fiber FEA simulation compared to Chladni test results
Modal Frequencies

Mode 1
FEA: 48 Hz
Test Results: 60 Hz

Mode 2
FEA: 82 Hz
Test Results: 100 Hz

FEA Simulation Results

Chladni Test Results
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Mode 3
FEA: 106 Hz
Test Results: 120 Hz

Mode 4
FEA: 123 Hz
Test Results: 170 Hz

Mode 5
FEA: 185 Hz
Test Results: 200 Hz
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Mode 6
FEA: 239 Hz
Test Results: 233 Hz

Mode 7
FEA: 253 Hz
Test Results: 250 Hz

Mode 8
FEA: 260 Hz
Test Results: 270 Hz
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Mode 9
FEA: 313 Hz
Test Results: 308 Hz

Mode 10
FEA: 322 Hz
Test Results: 335 Hz

By matching the modes observed from the Chladni Test to the FEA mode shapes, we
were able to determine the exact frequencies at which each mode occurred for our specific pieces
of ABS and carbon fiber. Using this information we then determined the location and orientation
of the bracing to best control the deflection of the top plates.
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5.3 Bracing Pattern Design
Bracing was strategically placed in locations where maximum deformation of the guitar
plate occurred, while also minimizing the amount of bracing. Bracing was chosen for both the
ABS and carbon fiber as an X-brace with a top cross support and a flat bridge support. The Xbracing as is common in most traditional guitars to minimize the deflection due to the dipoles
(modes 2 and 3) and other higher order modes which contribute to significant deformation
around the sides of the main body. The top cross brace was intended to reduce the deformation
around the area above the sound hole which was observed in the majority of the modes during
testing. The brace on the opposite side of the bridge provided support for the bridge due to the
tension of the strings as well as the monopole of mode 1 and other large deflections observed in
testing. The following pictures shows the bracing pattern of the ABS top plate. The carbon fiber
top plate used a similar design, the only difference being thinner bracing due to the high tensile
strength of carbon fiber.

Figure 5.31: Bracing pattern used on carbon fiber top plate
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5.4 Assembly
In order to expedite the process, our team used a kit to build the guitar. This kit consisted
of a prebuilt guitar body. The existing wooden top plate was removed from the guitar kit body,
and our newly chosen top plate material, carbon fiber, was installed. Based on the properties of
the material, it was determined that a simple x bracing would suffice to support the top plate.
Once the top plate was installed, the neck of the guitar was assembled and connected to
the body. After all parts were assembled, and the joining adhesives allowed to fully dry and cure,
the guitar was ready for strings to be added and sound to be tested.

Figure 5.41: Installation of the carbon fiber top plate on the guitar kit body

Figure 5.42: Installation of neck and saddle onto body of guitar
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Figure 5.43: Completed guitar

5.5 Quality Comparison Testing
Once the guitar was completely built and set up we performed tonal testing against a
reference Sitka spruce acoustic guitar. The reference was a 2003 Taylor 414ce grand auditorium
acoustic guitar. This instrument is on the higher end and retailed for $2400. Both of these guitars
were set up in front of an AT2020 Condenser Microphone and played through an M-Track MAudio interface into Adobe Audition. The mic was set approximately 6 inches from the sound
hole of each guitar and the gains were set at noon for all testing. From the software, several notes
were analyzed by an FFT viewer and the graph data was plotted in excel. These notes included a
low E, high E, E1 chord, low E bell harmonic, high E bell harmonic and an open bell harmonic
strum across all strings at the twelfth fret. The frequency range for each of these notes versus the
loudness over time is shown below.
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The goal of plotting this sort of data was to compare the ranges of frequencies that could
be achieved as well as how loud they stayed over their sustain. Notice in Figure 5.51 the carbon
fiber curve dips below the reference guitar in loudness. This is not the result we want to see but
we must keep in mind that it is relatively close. We saw that in Figure 5.52 the results are on par
with each other and could be considered to have the same tonal qualities when an open E chord
is strummed. When analyzing Figure 6.63 we saw that the harmonics of the carbon fiber guitar
occurred at a louder volume than the reference.

Figure 5.51: Frequency versus loudness for the low E strum
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Figure 5.52: Frequency versus loudness for the E1 chord strum

Figure 5.53: Frequency versus loudness for the high E bell harmonic
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Chapter 6: Discussion & Conclusion
6.1 Discussion
Based on the results of the Chladni vibration testing, it was determined that the ABS plate
provided inconsistent mode frequencies. When re-tested, modes would occur at different
frequencies. For example, mode 7 was originally found at 255 Hz but was later observed around
230 Hz. Mode 3 along with a few others were occasionally shifted so the dipole shape was
rotated, i.e. the salt line (dead zone) did not became completely vertical. We also determined our
sheet of ABS was too thick and required too much bracing to provide a good quality sound.
Therefore, we decided to move forward with the carbon fiber for the assembly of the guitar.
Once the carbon fiber soundboard was mounted and the guitar was strung up, we moved
into the quality testing portion of the project. The newly built guitar was tested against a high end
Taylor acoustic guitar. Six different notes/chords (per guitar) were strummed at equal lengths
from a condenser mic. These sound waves were recorded in Adobe Audition and analyzed using
an FFT viewer. The frequency ranges and sound profiles were plotted and compared. The results
of these tests are more thoroughly analyzed in Section 6.2 below.
6.2 Conclusion
When all of the quality testing was completed and the pertinent plots were analyzed, we
found that the carbon fiber guitar came very close to the quality of the higher end wood guitar
with some of its tonal qualities even exceeding the reference. If you take a look at Figure 5.52
you can see that a similar frequency range stays about equally loud on both guitars when an E1
chord was played. This shows us that around this set of frequencies the guitars hold similar tonal
profiles. However, as we moved up in range on the guitar we saw that the higher frequencies
responded better on the carbon fiber soundboard. This is illustrated in Figure 5.53.
It’s difficult to say which of the tested guitars sounded better. “Sound” is really a matter
of preference after all is said and done, but there remains certain qualities that define an
instrument that is considered “well made”. We were able to match and exceed tonal quality in
testing. These are outstanding results because at the end of the day we set out to do just this. We
asked if it was plausible to match tonal characteristics of a standard wooden guitar by instead
using composite materials. The data shows that this is possible. From here, one would want to
look into aesthetics as well as playability. These other characteristics are equally important to
consider when purchasing a guitar but they can be easily achieved when you are already
producing a high quality sound.
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Figure A.1: Frequency versus loudness for the high E strum

Figure A.2: Frequency versus loudness for the low E bell harmonic
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Figure A.3: Frequency versus loudness for the open strum harmonic
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